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BHGL Doc. No. 11930/135 

RADICAL RETARDANT CRYOPRESERVATION SOLUTIONS 



REFERENCE TO RELATED APPLICATIONS 
[001] This application claims the benefit of U.S. Provisional 

Application No. 60/432,957, filed December 1 1 , 2002, which is 
incorporated by reference in its entirety. 

BACKGROUND 

[002] This invention relates to the sterilization and cryopreservation 

of tissues for storage. The tissues may be harvested from human or 
animal subjects and are then processed and cryopreserved (frozen) for 
later implantation. Allograft tissues, including, but not limited to, heart 
valves and portions of heart valves, aortic roots, aortic walls, connective 
tissues including fascia and dura, vascular grafts (including arterial, 
venous, and biological tubes), and orthopedic soft tissues, such as boned- 
or non-boned tendons or ligaments, are often subjected to cryogenic 
preservation. In this manner, a ready supply of these valuable tissues can 
be made available for later implantation into mammals, especially humans. 
In addition, viable xenograft tissues from transgenic animals or tissues 
developed from human or non-human cells that may include differentiated 
cell types, stem cells, or genetically-modified cells of various origins may 
be appropriately processed, cryopreserved, and stored for later 
implantation. 

[003] In addition to living allograft, xenograft, or bio-engineered 

tissues, which may be cryopreserved, living tissues may be decellularized 
to render them acellular. While living tissues are often decellularized 
before cryopreservation, they can also be decellularized after 
cryopreservation and storage. 
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[004] Generally, decellularization involves substantially reducing the 

living, non-structural constituents within the tissue. This may be achieved 
by first exposing the tissue to a hypotonic solution to lyse the cells and 
then subjecting the tissue to a nuclease treatment to degrade nucleic 
acids. A more detailed discussion of tissue decellularization may be found 
in U.S. Pub. No. US 2001/0000804 A1, which is incorporated by reference 
in its entirety, except that in the event of any inconsistent disclosure or 
definition from the present application, the disclosure or definition herein 
shall prevail. 

[005] Cryopreservation may be a preferred method of preserving 

living or decellularized tissue for extended storage. By cryopreserving a 
tissue in a suitable cryoprotectant, it may be possible to reduce the 
damage to the tissue that can occur during uncontrolled rate freezing, 
freeze-drying, and glutaraldehyde preservation methods. In contrast to 
uncontrolled rate freezing and freeze-drying, cryopreservation preferably 
involves the addition of one or more cryoprotectant containing solution to 
the tissue followed by a slower, control led-rate freezing regimen, which 
can be adjusted to the particular requirements of each tissue to which it is 
applied. Cryoprotectants can limit cell or tissue damage due to the 
formation of ice (water) crystals during freezing and thawing. 

[006] In general, there are two requirements for the successful 

cryopreservation of living tissue. First, the harvested tissue should be 
frozen to a sufficiently low temperature so metabolic activity effectively 
ceases within the cell, without destroying the cell. Second, the 
cryopreservation and thawing regimens should have minimal effects on 
tissue cell viability and limit structural damage to the tissue. When 
decellularized tissue is cryopreserved, the primary focus is preventing 
damage to the structure of the extracellular matrix. 
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[007] Varying cryoprotectant containing solutions have been used 

to cryogenically preserve biological tissues for later implantation. Some 
cryopreservation solutions use a combination of dimethylsulfoxide (DMSO) 
and Fetal Bovine Serum (FBS) with other constituents for tissue 
preservation. In these solutions, DMSO may provide interference with the 
ability of water to form ice crystals during freezing and radical scavenging. 
However, a disadvantage of DMSO based cryopreservation solutions is 
the unpleasant odor given off from irradiated solutions upon thawing. 
DMSO containing cryopreservation solutions can also demonstrate toxicity 
to living tissues above 4° C. This toxicity and the detailed thawing 
procedures required to limit its adverse affects on heart valves are 
described in U.S. Pat. No. 4,890,457, for example. 

[008] Because Fetal Bovine Serum is animal-derived, its use in 

cryopreservation solutions may introduce undesirable contaminants. In 
addition to the risk of contamination by bacteria and viruses, prion 
contamination is also possible. It is currently believed that Creutzfeldt- 
Jakob disease or variant bovine spongiform encephalopathy is transmitted 
through prions. Not only does FBS open the possibility of disease 
transmission, but due to the limited availability of cows believed free of 
prion transmitted disease, FBS can only be harvested from a limited 
number of herds in specific countries. 

[009] Unlike tissues sourced from other human individuals 

(allografts), which are classified by regulatory authorities as tissues 
intended for transplantation and whose processing includes procedures to 
reduce the risk of contamination by pathogenic agents, tissues sourced 
from different species (xenografts) are classified as medical devices and 
must be terminally sterilized prior to implantation. Sterilization techniques 
and conditions are preferably selected to provide a high level of assurance 
against contamination of the tissue with microbes, while limiting damage to 
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the structure and function of the tissue. These same techniques may also 
reduce the activity or infectivity of other pathogenic agents, such as 
viruses, thus increasing the safety factor of the implantable device. 

[0010] Decellularized tissues can be terminally sterilized using a 
variety of physical or chemical sterilants, or combinations thereof, including 
gamma radiation, electron-beam radiation, ethylene oxide, peracetic acid, 
(3-propiolactone, povidone-iodine, or UV irradiation in the presence or 
absence of photosensitizers. Irradiation methods are preferred. One 
reason for this is that radiation can be administered to the tissue after final 
packaging, thus eliminating the necessity to accomplish and validate 
aseptic transfer of the tissue to its final packaging after sterilization. 

[0011] Ionizing radiation, including gamma and electron-beam 
radiation, can be effective in killing a variety of microbial and pathogenic 
organisms, including bacteria, fungi, yeast, mold, mycoplasmas, parasites, 
and virus, when an appropriate cumulative dose of radiation is applied to 
the tissue. A more detailed discussion of gamma radiation and its use in 
the sterilization of preserved tissues may be found in U.S. Pat. No. 
5,485,496, incorporated herein by reference in its entirety, except that in 
the event of any inconsistent disclosure or definition from the present 
application, the disclosure or definition herein shall prevail. A more 
detailed description of electron-beam radiation and its use in the 
sterilization of preserved tissues may be found in U.S. Pat. No. 5,989,498, 
also incorporated herein by reference in its entirety, except that in the 
event of any inconsistent disclosure or definition from the present 
application, the disclosure or definition herein shall prevail. 

[0012] While ionizing radiation is convenient, different tissues have 
various degrees of susceptibility to damage by the energetic free-radicals 
that are generated during irradiation. While many types of damage may 
occur during irradiation, one of the most common is free-radical initiated 
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cleavage of the primary amino acid sequence of the structural proteins. 
The effect of this scission is to cause tissue denaturation. Tissue 
denaturation can occur when the proteins of the tissue undergo 
conformational changes that disrupt the structure of the tissue. These 
structural changes can result in a loss of tissue function after implantation. 

[0013] Tissue treatment with ionizing radiation may also alter tissue 
characteristics by producing crosslinking between tissue proteins. 
Crosslinking can occur when additional covalent bonds form between 
previously unbonded portions of one or more molecules. Energetic free- 
radicals are common initiators for radical crosslinking reactions. 

[0014] Free-radicals or radicals are defined as highly energetic 
atoms or groups that possess an unpaired electron. The ability of radicals 
to damage tissues is well known. In addition to initiating crosslinking 
reactions, radicals can act as oxidizing or reducing agents that can further 
damage the tissue. Radical species may be generated by the irradiation of 
the tissue itself, the cryopreservation solution, or the packaging. While 
irradiation can form many radical species, oxygen and hydroxyl radicals 
are believed the most common species formed in aqueous solutions, such 
as cryopreservation solutions. 

SUMMARY 

[0015] In one aspect, the present invention provides a 
cryopreservation solution suitable for the cryopreservation of tissue. The 
solution includes a bio-compatible buffer, a cell-impermeant constituent, a 
cell-permeant constituent, and a radical scavenger. 

[0016] In another aspect, the invention provides a sterile, implantable 
tissue that is suitable for extended storage. 
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[0017] In another aspect, the invention provides a method of 
cryopreserving a tissue for storage, including optional sterilization. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1 shows the DSC denaturation profiles of (1) fresh 
porcine pulmonary valve leaflets, (2) thawed porcine pulmonary valve 
leaflets that were previously cryopreserved and irradiated in a DMSO/FBS 
cryopreservation solution, and (3) thawed porcine pulmonary valve leaflets 
that were previously cryopreserved and irradiated in a PVP/ISOH/Asc 
cryopreservation solution embodying aspects of the present invention. 

[0019] FIG. 2 shows the freezing profile of the PVP/ISOH/Asc 
solution embodying aspects of the present invention. 

DETAILED DESCRIPTION 

Definitions 

[0020] As used in the following specification and appended claims, 
the term "tissue" refers to any biological material that is harvested from one 
animal and implanted into the same species of animal (allograft) or another 
species of animal (xenograft). The tissue may be from a whole or partial 
organ, such as a heart valve or an aorta, or from a specific location in the 
animal, such as cartilage or a tendon from the knee joint. 

[0021] As used in the following specification and appended claims, 
unless otherwise indicated, all percentages (%) are on a weight/volume 
basis. 

[0022] As used in the following specification and appended claims, 
the term "solution" is intended to include solutions, dispersions, and 
suspensions. While true solutions lack an identifiable interface between 
their solubilized molecules and the solvent, the current cryopreservation 
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solutions can have the characteristics of a solution, a dispersion, a 
suspension, or any combination of the three. 

[0023] As used in the following specification and appended claims, 
the term "freezing" refers to lowering the temperature of the 
cryopreservation solution/tissue combination to below the freezing point of 
the cryopreservation solution. 

[0024] As used in the following specification and appended claims, 
the term "extended storage" is at least three days, preferably, three days to 
ten years, and more preferably, one week to one year. 

[0025] As used in the following specification and appended claims, 
the term "cryogenic temperature" is about -30° C or less and more 
preferably about -70° C or less. Cryogenic temperature also includes 
temperatures achieved by the use of liquid nitrogen, about -196° C, and 
temperatures achieved with solid carbon dioxide (dry ice) impregnated with 
liquid nitrogen. 

Embodiments 

[0026] In a preferred aspect, the invention provides a cryopreserved, 
sterile, and implantable tissue product that is suitable for extended storage. 
Preferably, the cryopreserved tissue product may be utilized as a 
replacement for defective tissues in mammals, particularly humans. 
Methods of replacing heart valves, tendons, ligaments, and vessels, for 
example, are well known to those of ordinary skill in the art. 

[0027] In accordance with the present invention, novel 
cryopreservation solutions are used to cryopreserve an implantable tissue, 
which may then be sterilized with ionizing radiation. The solutions are 
suitable for preserving tissues for storage at cryogenic temperatures, 
including extended storage. 
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[0028] In one aspect, cryopreservation solutions embodying aspects 
of the present invention combine a cell-permeant constituent with a radical 
scavenger to replace DMSO. Surprisingly, the combination of a cell- 
permeant constituent with a radical scavenger in a cryopreservation 
solution embodying features of the present invention can protect tissues 
from freezing and irradiation damage without the need for DMSO. In one 
aspect, a preferred cryopreservation solution does not include DMSO. 

[0029] The replacement of DMSO in cryopreservation solutions 
eliminates the formation of undesirable DMSO side-products. Thus, by 
replacing DMSO, cryopreservation solutions embodying aspects of the 
present invention can provide at least two significant advantages. First, 
the production of new, malodorous species during irradiation and thawing 
is significantly reduced. This unpleasant odor is believed attributable to 
the reaction of hydroxyl radicals with DMSO to produce methanesulfinic 
acid, methanesulfinate, and/or methanesulfonate. Thus, while DMSO is 
believed to react with the hydroxyl radicals, thereby reducing tissue 
damage during irradiation, undesirable odors are formed. A proposed 
mechanism for the reaction of hydroxyl radicals with DMSO may be found 
in Scaduto, R.C., Jr. Oxidation of DMSO and methanesulfinic acid by the 
hydroxyl radical. Free Radic. Biol. Med. 1995; 18(2): 271-77. Second, the 
toxicity of DMSO at about 4° C and above is eliminated, thus allowing for a 
simplified tissue freezing and thawing regimen, particularly in the case of 
viable tissues. 

[0030] Preferably, cryopreservation solutions embodying aspects of 
the present invention rely on an extracellular-cryoprotectant to replace 
commonly used FBS. Thus, a cryopreservation solution may be prepared 
in accord with the present invention that does not include animal-derived 
constituents. In this context, a fully chemically defined and non-biological 
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cryopreservation solution is a significant advantage due to the elimination 
of possible contamination from animal hosts and supply difficulties. 

[0031] In accordance with the present invention, a novel method of 
cryopreserving and sterilizing a tissue is also described. In a preferred 
aspect, the tissue is placed in the cryopreservation solution and the 
temperature is slowly lowered until the tissue and the solution freeze. The 
solution may be added to the tissue in one or more steps, and solutions 
having varying concentrations of constituents may be added. Preferably, 
the tissue and cryopreservation solution are placed in a package prior to 
freezing. After freezing, the tissue may be irradiated for terminal 
sterilization and transferred to extended storage. Terminal sterilization can 
prevent the need for a later, potentially aseptic transfer. The tissue may be 
thawed prior to implantation in a mammal, generally a human. 

[0032] In another aspect, the tissue is placed in the cryopreservation 
solution, irradiated, and stored at reduced temperature, but not 
cryopreserved. In this aspect, reduced temperature storage is preferably 
at refrigeration temperatures from about 0° C to about 15° C. In another 
aspect, the tissue is placed in the cryopreservation solution, irradiated, and 
directly implanted without extended storage. 

Biological Tissues 

[0033] Biological tissues, which may be preserved in the claimed 
solutions, include any tissue that is appropriate for implantation into 
humans or animals. The implantable tissue can be human or non-human, 
such as bovine, porcine, or non-human primate, in origin. Suitable tissues 
include, but are not limited to, partial organs, blood cells, blood proteins, 
heart valve leaflets, heart valves, aortic roots, aortic walls, pulmonary 
valves, pulmonary conduits, non-valved conduits, mitral valves, 
monocusps, tendons, ligaments, facia, large and small vascular conduits, 
blood vessels, arteries, veins, diaphragm, pericardium, umbilical cords, 

-9- 



BHGL Doc. No. 11930/135 



and dura matter or tympanic membranes. Especially preferred tissues 
suitable for cryopreservation in the claimed solutions are collagen-rich 
tissues, such as heart valves, vessels or conduits suitably applicable to 
blood vessel replacement or repair, and tendons. 

[0034] Preferably, the tissue is in a "hydrated" state, defined herein 
as being at least 50% water by weight, but including at least 8% solids by 
weight. Thus, in a preferred aspect, if the tissue was fully dehydrated, it 
would loose at least 50% of its original weight while retaining at least 8% of 
its original weight. 

[0035] While the tissue may be decellularized prior to preservation in 
the claimed solutions, the solutions may also be used to cryopreserve non- 
decellularized (living) tissues. 

Cryopreservation Solutions 

[0036] Preferably, biocompatible cryopreservation solutions in 
accordance with the present invention are solutions that when added to a 
tissue and frozen, protect the tissue from ice crystals, irradiation, and other 
damage resulting from freezing, sterilization, storing, and thawing of the 
tissue. In this manner, the cryopreservation solutions minimize the 
deleterious effects of cryopreservation and sterilization. Preferably, the 
solution is filtered through a low-porosity membrane to effect its 
sterilization. 

Bio-Compatible Buffer 

[0037] Preferable cryopreservation solutions embodying features of 
the present invention include a bio-compatible buffer system and more 
preferably an isotonic buffer system. Any buffer system that maintains a 
physiologically acceptable pH, from about pH 6 to about pH 8, under the 
varying temperature conditions the tissue is subjected to before, during, 
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and after freezing and that is compatible with the other solution 
constituents and the tissue may be used. 

[0038] Preferable buffers include phosphate buffers, such as 
phosphate-buffered saline (PBS); organic buffers, such as N-(2- 
hydroxyethyl)piperazine-N , -(2-ethanesulfonic acid) (HEPES) buffered 
saline, morpholine propanesulfonic acid (MOPS) buffered saline, and 
tris(hydroxymethyl) aminomethane (TRIS) buffered saline; and saline 
buffers such as borate, bicarbonate, carbonate, cacodylate, or citrate ions; 
or mixtures thereof. More preferred bio-compatible buffers include PBS, 
HEPES buffered saline, TRIS buffered saline, and mixtures thereof. 
Presently, an especially preferred buffer system uses phosphate-buffered 
saline to maintain pH from about 7 to about 8, more preferably at about 7.4 
at about 25° C. 

[0039] Preferably, cryopreservation solutions embodying aspects of 
the present invention include concentrations from 5 to 200 mM and more 
preferably from 15 to 100 mM of the bio-compatible buffer. Presently, an 
especially preferred solution includes a concentration from 20 to 75 mM of 
the bio-compatible buffer. The type and concentration of bio-compatible 
buffer used may be optimized to maintain the desired pH depending on the 
other solution constituents, including whether the radical scavenger is 
acidic or basic in nature. 

[0040] Preferable cryopreservation solutions may also include 
sodium chloride as part of the bio-compatible buffer. While sodium 
chloride is preferred, any other salt that provides the solution with the 
desired ionic strength and that is compatible with the other solution 
constituents may be used. Preferable solutions have a concentration from 
0.02 to 0.5 M and more preferably from about 0.07 to about 0.3 M sodium 
chloride. Presently, an especially preferred solution includes a 
concentration of about 0.154 M sodium chloride 
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Cell-lmpermeant Constituent 

[0041] Cryopreservation solutions embodying features of the present 
invention include a cell-impermeant constituent that is compatible with the 
other solution constituents. While not wishing to be bound by any 
particular theory, the cell-impermeant constituent is believed to reduce 
damage to the surface of the tissue during freezing and thawing. 

[0042] Preferably, the cell-impermeant constituent has an increased 
hydrophobic nature in relation to the other solution constituents. While not 
wishing to be bound by any particular theory, it is believed that the cell- 
impermeant constituent forms a thin film on the surface of the tissue and 
may protect the surface of the tissue from abrasion and deformation that 
could otherwise occur when the crystalline ice matrix forms during 
freezing. The cell-impermeant constituent may also modify the response 
of the external membrane of the tissue to changes in osmotic pressure and 
ionic strength of the cryopreservation solution during freezing and thawing. 

[0043] While any cell-impermeant constituent that is compatible with 
the other solution constituents and the tissue to be preserved may be 
used, preferable cell-impermeant constituents include, but are not limited 
to, proteins, serums, monosaccharides including sucrose, trehalose, 
polysaccharides including dextran, agrose, and alginate, long-chain 
polymers including polyvinylpyrrolidones (PVP), hydroxyethyl starch (HES), 
derivatives thereof, and mixtures thereof. More preferred cell-impermeant 
constituents include polyvinylpyrrolidones, hydroxyethyl starches, their 
derivatives, and mixtures thereof. At present, polyvinylpyrrolidone having 
a molecular weight of about 17,000 (weight average) is an especially 
preferred cell-impermeant constituent. Although FBS may be used in 
addition to or as a replacement for these cell-impermeant constituents, 
preferable cryoprotectant solutions in accord with the present invention do 
not include FBS. 
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[0044] Preferably, cryopreservation solutions embodying aspects of 
the present invention include from 5 to 30% and more preferably from 8 to 
18% cell-impermeant constituent. In an especially preferred embodiment, 
the cryopreservation solution includes from 10 to 14% of a cell-impermeant 
constituent. 

Cell-Permeant Constituent 

[0045] Cryopreservation solutions embodying features of the present 
invention include a cell-permeant constituent that preferably serves as an 
intracellular or tissue-permeating cryoprotectant. While not wishing to be 
bound by any particular theory, the cell-permeant constituent is believed to 
perform at least two desirable functions regarding preservation of the 
tissue. 

[0046] First, due to the cell-penetrating ability of the solvent, in 
addition to functioning to protect the exterior surfaces of the tissue during 
freezing, it can replace water in the interior of the tissue. By replacing at 
least a portion of the water in the interior of the tissue, it is believed that the 
formation of the crystalline ice matrix during freezing is interrupted due to 
interference with the hydrogen-bonding interaction between individual 
water molecules. Thus, damage to the water containing interstices of the 
tissue may be reduced because at least a portion of the water does not 
crystallize and expand upon freezing. Additionally, by reducing ice 
formation, it is believed that less water is transported out of the cells during 
freezing, thus reducing tissue damage from osmotic dehydration. 

[0047] A second desirable feature of the cell-permeant constituent is 
its ability to lower the freezing point of the cryopreservation solution in 
relation to water. Preferable cell-permeant constituents are also miscible 
in water. 
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[0048] While any cell-permeant constituent that is compatible with 
the other solution constituents and the tissue to be preserved may be 
used, preferable cell-permeant constituents include, but are not limited to 
alcohols, such as propanediol, isopropanol, ethanol, t-butanol, mannitol, 
and glycerol; glycols, such as ethylene glycol and propylene glycol; 
trimethylamine; acetate; aldoses; ketones; xylose; erythrose; arabinose; 
ribose; glucose; fructose; galactose; and mixtures thereof. More preferred 
cell-permeant constituents include isopropanol, ethanol, and mixtures 
thereof. At present, isopropanol is an especially preferred cell-permeant 
constituent. 

[0049] The cell-permeant constituent constitutes from 5 to 30% (v/v), 
more preferably from 10 to 20% (v/v) of cryopreservation solutions 
embodying aspects of the present invention. In an especially preferred 
aspect, the cell-permeant constituent constitutes about 15% (v/v) of the 
solution. 

Radical Scavenger 

[0050] A radical scavenger is included in cryopreservation solutions 
embodying aspects of the present invention to reduce tissue damage from 
energetic free-radicals that form during irradiative sterilization of the tissue. 
While not wishing to be bound by any particular theory, these radical 
species are believed to form in the fluid boundary layer surrounding the 
tissue, even at cryogenic temperatures. 

[0051] Not only may free-radicals cause crosslinking, oxidation, and 
other damage during irradiation, but long-lived (persistent) radicals may be 
formed that cause additional damage during thawing of the tissue. As 
previously mentioned, when the tissue thaws, the mobility of any persistent 
radicals present in the frozen matrix can increase, potentially increasing 
the amount of tissue damage. 
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[0052] Radical scavengers undergo rapid reaction with free-radicals 
to form benign side products. Preferably, radical scavengers combine with 
the radiation generated radicals at a faster rate than the rate at which the 
radicals react with the tissue. In another aspect, the radical scavenger 
used in a cryopreservation solution combines with the radiation generated 
radicals at a faster rate than the other solution components. In general, 
the rate at which a radical scavenger will combine with a radical can be 
estimated from its single electron reduction potential. The higher the 
reduction potential for a specific compound, the faster it will combine with 
the free radical, thus deactivating its tissue-harming ability. 

[0053] Preferable radical scavengers for use in the present invention 
are acids and salts that ionize in water. Preferable radical scavengers 
include, but are not limited to, sodium ascorbate, carotenoids, 1 -ascorbic 
acid, d-isoascorbic acid, sodium sulfite, sodium metabisulfite, sulfur 
dioxide, nicotinic acid, nicotinic acid amine, cysteine, glutathione, sodium 
nitrate, sodium nitrite, flavenoids, selenium, alpha-lipoic acids, acetyl 
cysteine, water-soluble tocopherol derivatives including sodium Vitamin E 
phosphate (VEP), lauryl imino dipropionic acid tocopheryl phosphate, 
tocopheryl glucoside, tocopheryl succinate, Tocophersolan (tocopheryl 
polyethylene glycol 1000 succinate), Tocophereth-5,10,12,18, and 50 
(polyethylene glycol (PEG) tocopheryl ethers), Lazaroids, ubiquinone 
(coenzyme Q10) butylated hydroxytoluene (BHT), butylated hydroxyanisole 
(BHA), analogs thereof, isomers thereof, derivatives thereof, and mixtures 
thereof. More preferred radical scavengers include sodium ascorbate, 
water-soluble derivatives of ascorbate, carotenoids, and mixtures thereof. 
At present, an especially preferred radical scavenger for use in the claimed 
solutions is sodium ascorbate. 

[0054] Preferably, cryopreservation solutions embodying aspects of 
the present invention include a concentration of from 0.1 to 1.5 M and 
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more preferably from 0.3 to 1 M of the radical scavenger. Presently, 
especially preferred solutions include a concentration of about 0.5 M of the 
radical scavenger. 

[0055] Benefits of the present cryopreservation solution in relation to 
conventional solutions may include, but are not limited to: tissue protection 
from ice crystal growth during freezing and thawing; regulation of pH 
during freezing and thawing; reduction of water activity; free-radical 
scavenging; and freezing point depression to -30° C and below. In 
addition to radical scavenging, the solution allows for ionizing radiation to 
be applied to tissues at cryogenic temperatures, thus, further reducing 
damage to tissues and their constituents, such as collagen. It is believed 
that by reducing the mobility (diffusivity) of the radicals in the frozen matrix, 
their ability to inflict tissue damage is reduced. 

Cryopreservation 

[0056] Cryopreservation as applied to implantable tissues includes 
the general steps of (1) preparing the cryopreservation solution; 2) 
preparing the tissue with the cryopreservation solution; (3) freezing the 
tissue; (4) optionally sterilizing the frozen tissue; (5) storing the frozen 
tissue; and (6) thawing the tissue. After harvesting, the tissue is directly 
cryopreserved or processed in one of several manners, including 
decellularization, and then cryopreserved. Cryopreservation can 
immediately follow decellularization, or can occur later. 

[0057] If living, non-decellularized tissue, such as a portion of an 
organ, is cryopreserved, viability may be reduced during sterilization. 
Viability refers to the ability of frozen and thawed tissue to perform its 
normal function in a living organism. Generally, preferable freezing and 
thawing profiles are based on the type of tissue being preserved and the 
specific cryopreservation solution. During thawing, additional constituents 
may be added to further reduce tissue damage. 
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[0058] Preferably, the cryopreservation solution may be added to the 
tissue in one step or in multiple steps of increasing solution constituent 
concentration. For example, in one aspect, a cryopreservation solution 
containing 15% cell-permeant constituent is added in a single step. In 
another aspect, a solution containing, for example, 5% of a cell-permeant 
constituent is added. As the tissue is cooled, a solution containing 10% of 
a cell-permeant constituent is added. As the tissue is cooled further, a 
solution containing 15% of a cell-permeant constituent is added. By 
increasing the cell-permeant constituent concentration as the temperature 
is decreased, osmotic shock to the tissue may be reduced. 

[0059] By deaerating (reducing the dissolved oxygen content) the 
cryopreservation solution, tissue damage from the generation of oxygen 
radicals during later sterilization may be reduced. Thus, in one aspect, the 
cryopreservation solution is degassed under vacuum prior to addition to 
the tissue. Alternatively, the solution is not degassed. In another aspect, 
the tissue is also maintained under reduced pressure during the freezing 
process to further reduce dissolved oxygen. In yet another aspect, the 
cryopreservation solution itself or the solution/tissue combination may be 
deaerrated by passing an inert gas, including, but not limited to, nitrogen, 
argon, or helium, through the solution. By sparging the solution with an 
inert gas, dissolved oxygen can be removed. Vacuum or inert gases may 
be used alone or in combination to lower the oxygen content of the solution 
and/or the solution/tissue combination. 

[0060] Lowering the temperature of the cryopreservation 
solution/tissue combination to below the freezing point or glass transition 
temperature of the cryopreservation solution (freezing) may be 
accomplished with any cryo-cooling system known to those of ordinary skill 
in the art. In one aspect, the temperature of the solution/tissue 
combination is lowered to at least the glass transition temperature of the 
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cryopreservation solution. Preferably, freezing is initiated within 20 to 60 
minutes after addition of the cryopreservation solution and more 
preferably, within 30 to 40 minutes. The water to ice phase change may 
be initiated from -2° C to -6° C by a burst of liquid nitrogen, addition of a 
sterile ice crystal, or vibration. 

[0061] The cooling rate from 0° to -80° C is preferably from -0.4° to 
-3° C per minute. Slower cooling rates, from -0.1 ° to -0.3° C per minute, 
for example, are also acceptable. However, slower cooling rates may lead 
to excessive osmotic dehydration of the tissue. More rapid cooling rates, 
such as from -3.5° to -30° C per minute and faster, can result in a 
decrease in tissue viability. 

[0062] Once the tissue has reached about -80° C, the hard-frozen 
tissue can be transferred to a low temperature (about -130° to about -200° 
C) storage unit. In one aspect, extended storage at temperatures above 
about -70° C results in tissue degradation. Extended storage at 
temperatures above about -130° C may result in migratory ice 
recrystallization and tissue degradation. 

[0063] The cryopreserved tissue is preferably packaged prior to 
freezing and irradiation. Packaging may occur before or after freezing. 
Suitable packaging materials include, but are not limited to, high-density 
polyethylene, foil/polyolefin, foil/polyester, and laminates, such as, 
polyolefin/nylon/Mylar®. Preferably, the package is in the form of one or 
more envelopes, which may be evacuated prior to closure. 

[0064] In an especially preferred aspect, a package that includes 
three separate envelopes is used. In this aspect, the tissue and 
cryopreservation solution is sealed in an inner envelope that can be made 
of a material that is completely impermeable to bacteria. This inner 
envelope may then be placed in an intermediate envelope that is also 
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impermeable to bacteria and that can be equipped with a peel-back flap. 
The intermediate envelope may then be placed in an outer envelope that is 
impermeable to bacteria and liquid nitrogen. A more detailed discussion of 
three-envelope packages may be found in U.S. Pat. No. 5,257,692, 
incorporated by reference in its entirety, except that in the event of any 
inconsistent disclosure or definition from the present application, the 
disclosure or definition herein shall prevail. 

[0065] If packaging occurs prior to freezing, the package may be 
evacuated and the solution degassed prior to closure. In one embodiment, 
package evacuation and degassing occur simultaneously under vacuum. 

Sterilization 

[0066] Cryopreserved tissue is preferably sterilized by subjecting the 
tissue to ionizing radiation while at cryogenic temperature. Irradiation is 
performed at cryogenic temperature to reduce the damaging effects of the 
radiation on the tissue while affording sufficient effect on the contained 
microorganisms and contaminants to render the tissue sterile. 

[0067] Preferably, irradiation is carried out by positioning the 
cryopreserved tissue in a gamma irradiation sterilizing apparatus relying on 
Co 60 as a source. In a preferred aspect, the cryopreserved tissue is 
irradiated with 5,000 to 8,000,000 rads, more preferably with 600,000 to 
2,500,000 rads of gamma radiation. Preferably, the gamma radiation is 
applied at a rate of about 0.38 to about 0.45 Mrad/hr. 

Thawing 

[0068] After cryopreservation and optional sterilization, the tissue is 
thawed prior to implantation. While implantation is not required to 
immediately follow thawing, the tissue may degrade if too much time 
elapses. Although any suitable thawing method may be used, in one 
aspect, tissue that was stored at about -80° C is thawed by placing the 
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hard-frozen tissue in a bath of warm liquid, preferably from 4° to 42° C and 
more preferably from 37° to 42° C. The liquid volume of the thawing bath 
can vary considerably, depending on whether the bath is temperature- 
controlled. In another aspect, if the tissue was stored at about -135° C or 
less, the tissue may be allowed to warm more slowly in room temperature 
air until it reaches about -120° C, before being transferred to a liquid 
thawing bath. 

[0069] In a preferred aspect, the package containing the tissue is 
completely submersed in the thawing bath until ice is no longer present. At 
this point, the tissue may be removed using sterile techniques and placed 
in mannitol and/or a cell-impermeant constituent in a bio-compatible buffer. 
Any non-cell membrane permeable biocompatible sugar, polyol, or other 
organic solute can be substituted for mannitol, such as sucrose, sorbitol, 
trehalose, fructose, glucose, raffinose, maltose, xylitol, amino acids, and 
the like. 

Differential Scanning Calorimetry 

[0070] The thermal denaturation temperature of a tissue is believed 
to depend upon the structure of its constituents. Crosslinking can affect 
the structure of a tissue. For connective tissues that are composed 
primarily of collagens, the degree of crosslinking among the collagen 
proteins is believed to affect the structure, and thus the denaturation 
temperature of the tissue. When similar denaturation temperatures are 
obtained for tissues, the tissues are believed to have a similar structure. 
By comparing the denaturation temperature of living tissues, with thawed, 
cryopreserved, and irradiated tissues, an estimate can be made regarding 
the degree of structural change that occurred during cryopreservation and 
sterilization. 

[0071] A convenient method of determining the denaturation 
temperature of a tissue is through Differential Scanning Calorimetry (DSC). 
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DSC is a common analytical method for polymer characterization. A more 
complete discussion of DSC and it use in the analysis of biopolymers can 
be found in Biomaterials, 23(6), 1503-10 (March 23, 2002) and in J. Chem. 
Phys., 98:11, 8970-77 (1993). 

[0072] Fresh, viable connective tissues have DSC denaturation 
temperature values ranging from about 65 to about 68° C. Connective 
tissues crosslinked with glutaraldehyde have elevated denaturation 
temperatures of about 77° C, while degraded tissues have denaturation 
temperatures of less than 65° C. In one aspect, tissues that have been 
cryopreserved in cryopreservation solutions embodying aspects of the 
present invention, sterilized, and thawed have denaturation temperatures 
that are reduced or increased by no more than about 3° C as compared to 
the same type of native tissue. Native tissues are those that have been 
harvested, but not irradiated or cryopreserved. 

[0073] The preceding description is not intended to limit the scope of 
the invention to the preferred embodiments described, but rather to enable 
a person of ordinary skill in the art of tissue cryopreservation to make and 
use the invention. Similarly, the examples below are not to be construed 
as limiting the scope of the appended claims or their equivalents, and are 
provided solely for illustration. It is to be understood that numerous 
variations can be made to the specific solutions and procedures below, 
which lie within the scope of the appended claims and their equivalents. 

EXAMPLES 

[0074] Example 1 : Preparation of a cryopreservation solution. 

[0075] A solution in accordance with the present invention was made 
by combining the following constituents in sterile, deionized water: 
sterile phosphate buffered saline (Biowhitakker, #17-516Q), 
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0.154 M NaCI, 

12.5% (w/v) polyvinylpyrrolidone (PVP, Kollidone® 17 PF, BASF 
Corporation, General Office, (318) 861-8201, 8800 Line Ave, Shreveport, 
LA 71 106), 

15% (v/v) isopropanol, and 

0.5 M sodium ascorbate. Molarities are for the total cryopreservation 
solution. 

[0076] The PVP-17 was added in two steps to sterile phosphate 
buffered saline. After each addition the solution was mixed to completely 
dissolve the PVP-17. Following the complete dissolution of the PVP-17, 
the sodium ascorbate was added and mixed until dissolved. The solution 
was brought to an intermediate volume and the isopropyl alcohol was 
added and gently mixed. The final solution was sterilized by filtration using 
a 0.22|jm filter. 

[0077] Example 2 : Cryopreservation, sterilization, and thawing of 
porcine pulmonary valve leaflets. 

[0078] Porcine pulmonary valve leaflets were placed in the 
cryopreservation solution prepared in Example 1. Decellularized porcine 
pulmonary heart valves were washed in 100 mL of DPBS without Ca 2+ or 
Mg 2+ for a minimum of one hour. The leaflets were excised from the 
valves. Individual leaflets from the same valve were placed into a 4x6" 
polyester bag with 80 mL of either a conventional DMSO/FBS 
cryoprotectant solution or the solution prepared in Example 1 and heat 
sealed. This pouch was placed into a larger foil bag and the outer pouch 
was heat sealed. The packages were placed in an ice-water bath for 
approximately 45 minutes prior to initiation of cryopreservation. 

[0079] The freezing cycle was then initiated in a Controlled Rate 
Freezer, Model 101 A (Cryomed, Mt. Clemens, Ml). Other cryogenic 
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freezers known to those of ordinary skill in the art may also be used. The 
cooling regimen began with the tissues equilibrating with the 
cryopreservation solution from Example 1 for approximately 45 minutes in 
an ice-water bath. The tissues were then slowly cooled to below 0° C and 
then rapidly cooled to near liquid nitrogen temperature. Finally, the tissues 
were slowly cooled to the final freeze temperature before being transferred 
to liquid nitrogen. 

[0080] The frozen packages were exposed to a gamma radiation 
source for a total dose between 25 and 40 kGy. Each tissue was rapidly 
thawed by submersion of the package in a 36-38° C water bath for 
approximately 15 minutes. 

[0081] Example 3 : Comparative denaturation temperature DSC data 
for fresh porcine pulmonary valve leaflets, valve leaflets thawed after 
conventional cryopreservation and irradiation in DMSO/FBS, and valve 
leaflets thawed after cryopreservation and irradiation in a cryopreservation 
solution embodying features of the present invention. 



Tissue Condition 


Denaturation Temperature 


Fresh 


65.87±0.70° C 


Conventional DMSO/FBS 


63.71 ±0.36° C 


Example 1 Solution 


67.53±0.48° C 



[0082] As can be seen from the comparison, there is an approximate 
2° difference in the denaturation temperature between the fresh and 
conventional or Example 1 solutions. While the denaturation temperature 
of the conventional and Example 1 cryopreserved tissues changed in 
relation to the fresh tissue, the change was comparable, at about 2° C. 
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This establishes that a solution in accord with the present invention 
performs at least as well as the conventional DMSO/FBS solution. 

[0083] Example 4 : Cryopreservation, sterilization, and thawing of 
bovine tendons. Bovine tendons were cryopreserved, sterilized and 
thawed using the same general procedure described in Example 2 for 
porcine pulmonary valve leaflets. 

[0084] Example 5 : Comparative denaturation temperature DSC data 
for fresh bovine tendons, tendons thawed after conventional 
cryopreservation and irradiation in DMSO/FBS, and tendons thawed after 
cryopreservation and irradiation in a cryopreservation solution embodying 
features of the present invention. 



Tissue Condition 


Denaturation Temperature 


Fresh 


65. 11 ±0.94° C 


Conventional DMSO/FBS 


61.93±1.29° C 


Example 1 Solution 


62.85±1 .34° C 



[0085] These results establish that for cryopreserved and irradiated 
tendons, the Example 1 Solution appears to perform similarly to the 
conventional DMSO/FBS solution. 

[0086] As any person of ordinary skill in the art of tissue 
cryopreservation will recognize from the provided description, figures, and 
examples, modifications and changes can be made to the preferred 
embodiments of the invention without departing from the scope of the 
invention defined by the appended claims. 



-24- 



